The objective of this study was to evaluate the net flux response of nitrogen compounds (alpha-amino N, ammonia N, urea N, essential amino acids) across the portal-drained viscera (PDV), liver and total splanchnic tissues of mature wethers to increasing level of dietary fishmeal (FM) supplementation. Four wethers (average body weight, 64 kg) with chronic indwelling catheters into the portal, hepatic and mesenteric veins and the abdominal aorta were used in a 4×4 Latin square design. A basal diet consisting of 0.7 hay and 0.3 concentrate was fed twice daily with a fixed amount at 1.4 times maintenance energy (1.3 kg/day on a dry matter basis). The supplementation proportion of FM as treatment was 0, 0.03, 0.06 and 0.09 to the amount of the basal diet to contain 119, 137, 154 and 170 g crude protein per kg dietary dry matter, respectively. Blood flows through PDV and liver did not differ (p>0.05) among the treatments. Both net PDV release and hepatic uptake of alpha amino acid N increased linearly (p<0.05) in response to increased dietary FM, which resulted in similar total splanchnic release of alpha-amino N among the treatments. Similarly, increased dietary FM increased net PDV absorption and hepatic removal of ammonia N linearly (p<0.05). Hepatic synthesis and total splanchnic release of urea N increased linearly (p<0.01) with increased dietary FM, but PDV uptake of urea N did not respond to increased dietary FM. Linear regression equations between the increases in FM N intake and PDV net flux indicated that 0.34 and 0.30 of FM N was absorbed in the form of alpha-amino N and ammonia N, respectively. The results demonstrated that FM supplementation provides more alpha-amino N than ammonia N to the liver, but the alpha-amino acid N absorption is less than the expected metabolizable protein N from FM supplementation. (Asian-Aust.
INTRODUCTION
Fishmeal (FM) is characterized as a low ruminally degradable protein source for feeding of ruminants, and is abundant in methionine and lysine, two amino acid which are in low concentration in most of plant protein sources. There are many published data on ruminal degradability of FM under various feeding conditions, and on the production response with FM supplementation (Hussein and Jordan, 1991) . Ruminally undegraded protein ranges from 0.51 to 0.66 of total protein in FM; this proportion varies in response to the feed intake and forage level, and the digestibility in the small intestine is estimated to be 0.90 of the duodenal flow (NRC, 2001) . This means that FM could provide 0.46 to 0.60 of the ingested nitrogen (N) as metabolizable protein in addition to the contribution of microbial protein synthesis from ruminally degraded protein, although there are few data available for FM on absorption of nitrogenous compounds from the gastrointestinal tract.
Researchers who measured the net flux of alpha-amino nitrogen (AAN) by PDV did not detect significant differences among protein supplements with different ruminal degradability when those sources were incorporated into one level of dietary crude protein (CP) per kg dry matter (120 g, Huntington, 1987; 112 g, Ferrell et al., 2001) . When a protein supplement is added to a basal diet at several levels, the incremental response of net flux of N compounds by the splanchnic tissues may reflect the ruminal degradability and digestibility in the small intestine of the supplement.
Our objectives were to evaluate protein of FM from the perspective of net absorption response of ammonia N and AAN by the PDV, and to elucidate the metabolism of the N compounds by the liver of sheep fed four levels of FM. In order to obtain clear responses to the increase of FM per se, we used mature wethers given the basal diet containing sufficient degradable protein.
MATERIALS AND METHODS

Animals
Four Suffolk wethers (64 (SE = 14.6) kg live weight at the beginning of the experiment) were surgically fitted with chronic indwelling catheters in the hepatic and hepatic portal vein, mesenteric vein, and caudal aorta by the procedures adapted from Katz and Bergman (1969) and Huntington et al. (1989 cm long). The catheter was inserted into the hepatic vein by puncturing the diaphragmatic surface of the liver with a 15-gauge needle, inserting a wire guide (18-gauge, Cook, Bloomington, IN, USA) through the needle into a hepatic vein, and threading the catheter over the wire guide. The portal venous catheter was constructed from a silicone rubber tubing tip (1.0 mm i.d., 2.0 mm o.d., 2 cm long) connected to Tygon Microbore tubing (0.10 mm i.d., 0.18 mm o.d., 60 cm long). The catheter was inserted into the lateral surface of portal vein by procedures described for insertion of the hepatic vein catheter. The mesenteric venous catheter was constructed from silicone rubber tubing tip (1.0 mm i.d., 1.5 mm o.d., 3 cm long) connected to Tygon Mirobore tubing (0.10 mm i.d., 0.18 mm o.d., 120 cm long). The catheter was inserted into the major vein, 25 cm caudal from the portal hepatis. Before puncturing the portal and mesenteric vein wall with a needle, a purse-string suture (Nespolen, 3-0 and 6-0 size, non-absorbable monofilament, Azwell, Osaka) was incorporated onto the venous wall. After inserting the catheter, the suture was ligatured at the connecting point of the two types of tubing. The arterial catheter was constructed from polyurethane tubing tip (Argyle, soft type, 0.97 mm i.d., 1.5 mm o.d., 20 cm long, Japan Schawood, Tokyo) connected to Tygon Microbore tubing (0.13 mm i.d., 0.23 mm o.d., 110 cm long). The catheter was inserted into the arterial branch close to the anterior mesenteric artery and directed toward the caudal aorta. A guide wire (18-gauge) threaded inside the mesenteric and arterial catheters was used facilitate insertion of the catheters, and to avoid kinks or doubling over of the catheter tip inside the vessels.
Surgical
preparation, post-surgical care and management were conducted in accordance with the guideline of the animal use regulation of Hiroshima University and also with the 'Guide for the Care and Use of Agricultural Animals in Agricultural research and Teaching' (Federation of Animal Science Societies, 1999). Sheep were allowed at least 4 wk to recover from surgery. To maintain patency and function, all catheters were filled with sterile, heparinized-saline solution (500 IU/ml) that was exchanged every week, but one sheep lost patency of the hepatic venous catheter.
Treatments
The sheep were housed indoors in individual metabolic crates, and were used in a 4×4 Latin square design balanced for residual effects. All sheep were fed a basal diet consisting of 0.70 chopped Italian ryegrass hay and 0.30 concentrate ( Table 1 ). The diet contained urea N to provide sufficient ruminally degradable N for microbial protein synthesis inferred from NRC (1985) . The amount of the basal diet was calculated to provide 1.4 times the maintenance energy requirement of the sheep, 1.3 kg of dry matter (DM) per day. The supplementation level of FM as treatment was equivalent to be 0 (Control), 0.03 (45 g/day, FM3), 0.06 (90 g/day, FM6) and 0.09 (135 g/day, FM9) of the amount of the basal diet. As the FM supplement contained 0.718 of DM as crude protein (CP), the dietary CP for Control, FM3, FM6 and FM9 was 119, 137, 154 and 170 g/kg DM, respectively. Sheep received their dietary treatments in two equal portions daily at 08:00 and 20:00 h. All ingredients of concentrate including FM were premixed just before feeding. In order to ascertain complete consumption of FM, the sheep were fed the concentrate mixture before they were fed hay. Water was available at all times.
Sampling
Experimental periods lasted 14 days. Days 1 to 13 were for dietary adaptation. Diet samples and blood samples for measurement of blood flow and net flux of nutrients across the splanchnic tissues were collected on day 14. At 07:20 h on day 14, a priming dose (15 ml) of 0.02 (w/v) paraaminohippurate (PAH; pH 7.4) was infused through a sterile 0.45 µm-filter into the mesenteric venous catheter of each sheep followed by continuous infusion of 0.02 PAH (0.50 ml/min). About 6 ml of hepatic venous, portal venous and mesenteric arterial blood were collected simultaneously into heparinized syringes at 08:00 h (before the morning feeding) and then blood sampling continued every hour until 19:00 h. The blood samples were transferred immediately into test tubes, placed on ice, and brought to the laboratory. 
Chemical analysis
In the laboratory, blood was analyzed for packed cell volume (PCV) by centrifugation of capillary tubes filled with blood. An aliquot of blood (2 ml) was deproteinized with an equal volume of sodium tungstate (0.10 w/v) and 1 N sulfuric acid, mixed, left at room temperature (15 min), and then centrifuged (1,600×g, 15 min). The supernatant was analyzed for ammonia N (Okuda et al., 1965) . The remaining blood was centrifuged (1,600×g, 15 min) and plasma was harvested and retained. A plasma aliquot (0.25 ml) was deproteinized by adding sodium tungstate (0.10 w/v, 0.25 ml) and 0.083 N sulfuric acid (2 ml), mixed, left at room temperature (10 min), and then centrifuged (1,600×g, 10 min). The supernatant was used for AAN analysis (Goodwin, 1968) . The rest of plasma was analyzed for urea N (Ceriotti, 1971) , glucose (Kabasakalian, 1974) and PAH (Harvey and Brothers, 1962) . Composited samples were created by combining equal volumes of plasma from each of the 12 times for arterial, portal, and hepatic sites. The composited plasma samples were used for the analysis of glucose. All supernatant and plasma samples were kept in the freezer (-20°C) until analysis. Diet samples were dried at 55°C for 48 h, left at room temperature for 24 h and then ground through a 1-mm screen. The diet samples were analyzed for DM, Kjeldahl N and neutral detergent fiber (Van Soest et al., 1991) .
Calculation and statistics
Plasma flow (L/h) was calculated by dividing PAH infusion rate (mg/h) by PAH venoarterial concentration difference (mg/L). Plasma flow was divided by 1-(0.01× PCV) to calculate blood flow. Venoartical concentration differences were multiplied by blood (or plasma) flows to calculate net nutrient fluxes across PDV, liver and total splanchnic (TS) tissues. Net hepatic fluxes of nutrients were calculated by subtracting PDV fluxes from TS fluxes. The average hourly net flux rates were extrapolated to daily rates by multiplying by 24. Because one sheep lost the patency of hepatic venous catheter, the data on whole blood (or plasma) flow, nutrient concentration in blood (or plasma), venoarterial concentration difference, and net flux of nutrients were analyzed by analysis of variance using the mixed linear models procedure (PROC MIXED) of Statistical Analysis System Institute (SAS, 2000) . Fixed effects were period and level, and the random effect was sheep. Least square means of the treatment were computed from least-squares estimates of the parameter (LSMEANS option of SAS). Treatment effects were analyzed using orthogonal contrasts into single degree of freedom comparisons that included linear and quadratic components of the response to supplementary FM level. Effects were deemed significant at p<0.05, and tendencies were noted for p<0.15 otherwise declared.
RESULTS AND DISCUSSION
Both N and DM intakes increased with FM supplementation as planned, but sheep fed FM9 refused to eat a small portion of their diet (6 g DM/day, 0.4 g N/day; Table 2 ). A large portion of FM in diets may be distasteful for sheep, but small refusals with FM9 in the present study was regarded as no serious influences on net flux of N compounds.
Blood concentration
Plasma concentrations of AAN in portal vein increased linearly as FM intake increased, and the concentration in arterial and hepatic plasma tended to be linear (Table 3 ). The concentration difference of AAN between portal and arterial plasma (P-A) increased as FM intake increased, but that between hepatic and portal plasma (H-P) decreased linearly (Table 4) . Hepatic-arterial plasma concentration difference (H-A) of AAN was not affected by FM intake.
As FM intake increased, ammonia N concentration in portal venous blood increased linearly, but arterial and hepatic venous concentrations were not affected (Table 3) . The P-A and H-P of ammonia N increased linearly as FM intake increased (Table 4 ). The concentrations of urea N in arterial, portal and hepatic plasma increased linearly as FM intake increased (Table 3) . The H-A and H-P of urea N increased linearly as FM intake increased, but FM intake did not change P-A (Table 4 ). The FM intake did not affect any plasma concentrations and concentration differences of glucose (Tables 3 and 4) .
Blood flow
Blood flow of the portal and hepatic veins did not show clear changes with increased FM (Table 5) . Ferrell et al. (1999) also reported that blood flow of the portal vein did not change when sheep consuming low-quality forage were supplied with ruminal undegraded protein (RUP). On the other hand, in the studies of protein sources that differed in ruminal degradability with beef steers (Huntington, 1987) or sheep (Ferrell et al., 2001) , plasma flows of the portal vein were greater when low RUP diets fed than when high RUP diets were fed. Taniguchi et al. (1995) observed that portal and hepatic blood flows of beef steers were greater with ruminal infusion of casein than with abomasal infusion. These results suggest that digestion of dietary protein in the small intestine compared with the rumen does not affect or increase PDV blood flow. Hepatic arterial blood flow did not differ among the treatments. The average proportion of blood flow in portal vein to hepatic vein in all treatments was 0.865. This figure agrees with that from other experiments with sheep (0.771 to 0.865; Bohnert et al., 1999; Ferrell et al., 1999 Ferrell et al., , 2001 ).
Nitrogen fluxes
Net PDV flux of AAN increased linearly with increased dietary FM. When the ruminal degradability and the small intestine digestibility of FM is assumed to be 0.32 and 0.74, respectively (Titgemeyer et al., 1989) , ingested FM can provide 0.50 of the its protein as metabolizable protein (protein that is digested and absorbed as peptides or amino acids that are available to support metabolism). Based on these values, FM supplementation to the basal diet (Control) in the current study is calculated to increase AAN absorption by 2.37, 4.68, and 6.74 g/d for the three FM diets, respectively. However, the actual increases (1.63, 3.82, and 4.35 g/d, respectively) averaged about 0.70 of the calculated amounts. Remond et al. (2000) observed that amino acids N net flux by PDV of adult sheep was 0.70 of (Table 5 ).
In the present study, the least supplemented diet (FM3) appeared to supply sufficient amino acids to the visceral and peripheral tissues of adult sheep consuming 1.4 times of maintenance energy. However, arterial plasma concentration of AAN increased with increasing FM (Table 3) . Similarly, in growing beef steers receiving abomasal infusions of casein, AAN concentration in arterial blood increased without increasing net TS release of AAN (Guerino et al., 1991) . These results suggest that arterial concentration of amino acids does not necessarily reflect the net TS release. Amino acids released with the changes in the peripheral protein turnover besides TS release could affect the arterial concentration of amino acids (Hoskin et al., 2003) . In the current work, even though TS release of AAN was similar among the treatments, the essential amino acids concentration in arterial plasma might be different. The proportion of glutamate in AAN released by TS provides some insight into potential changes in supply of essential amino acids, as well as priority of glutamate supply for tissue growth or interorgan N shuttle (Huntington and Archibeque, 1999) .
Net PDV release and net liver removal of ammonia N increased linearly and quadratically (p = 0.08) as FM increased (Table 5 ). Ammonia N released by PDV mainly derives from degraded dietary N in the rumen and urea N transferred into the lumen of the gastrointestinal tract via the gut wall or saliva. Urea N removal by PDV in this study was almost constant among treatments, and the net liver release of urea N increased linearly and quadratically as FM increased. Although urea N transfer via saliva secretion is increased with the increased dietary N, total entry rate of urea N including gut wall transfer is not affected by the dietary N content due to the small portion of saliva urea N transfer (Marini and Van Amburgh, 2003) . Thus, the treatment difference for urea entry into the gastrointestinal tract might be small in the present study. In addition, because the basal diet contained sufficient ruminal degradable protein, the major parts of increased ammonia N by PDV could be attributed to the increase of ruminally degraded N with FM.
All fluxes of glucose by PDV and TS did not respond to increased dietary FM (Table 5) . Negative PDV flux of glucose means that more use of arterial glucose by PDV than glucose absorption. In general, the starch in rolled barley used in the present study is readily fermentable in the rumen, so starch flow to the small intestine would be little, if any. Although PDV uptake of AAN increased with increased dietary FM, hepatic glucose net flux did not increase, ostensibly due to rigid glucose homeostasis or low demand by the peripheral tissues of mature sheep used in this study. Guerino et al. (1991) also observed that an increase in AAN uptake by the liver with casein infusion into the abomasums of growing steers was accompanied with no changes in hepatic glucose net flux, but with an increase in oxygen consumption. Energy derived from amino acid degradation in hepatocyte may be used for protein synthesis, ureagenesis and/or heat through mitochondrial proton leak (Rolfe and Brown, 1997) .
Estimation of nitrogen net flux derived from fishmeal AAN release by PDV increased linearly with increased dietary FM as mentioned above. The linear and quadratical contrast in ammonia N release by PDV with FM supplement was significant, and urea N entered the gastrointestinal tract was almost constant among the diets. The basal diet must have supplied sufficient ruminal degradable N for microbial protein synthesis. Therefore, the increase in AAN and ammonia N by PDV from dietary FM increase relative to the control diet can be regarded as N derived from FM by itself. Linear regression equations for AAN and ammonia N absorption by PDV based on the increase to the Control were calculated with means for Table 5 (Hussein and Jordan, 1991) . The calculated, the net absorption of ammonia N (0.30) is similar to 0.32 of the ruminal degradability of protein in FM reported by Titgemeyer et al. (1989) . In addition, assuming the digestibility of FM N in small intestine is 0.74 of the duodenal N flow (Titgemeyer et al., 1989) , and assuming the uptake of AAN by the other segments of the gastrointestinal tract including the forestomach is equal to 0.30 of AAN absorbed from the small intestinal lumen (Reynolds and Huntington, 1988; Remond et al., 2000) , one can estimate that the net absorption of AAN by PDV is 0.35 of FM N. This calculated figure is also very close to our calculated recovery of FM N as AAN discussed above. Furthermore, the linear regression of AAN absorption related to FM N intake in the present study suggest that PDV of sheep may consume AAN at a constant proportion to the metabolizable protein in the gastointestinal lumen.
The sum (0.64) of the increased absorption by PDV for ammonia N and AAN with FM supplement almost accounted for the apparent digestibility (0.65) of FM protein in the total digestive tract (NRC, 2001) . Nonetheless, the response of N absorption by PDV to FM protein may vary with the level of N intake. In deed, the sum of AAN and ammonia N absorption by PDV responded quadratically to increased N intake due to little difference of ammonia N absorption between FM6 and FM9 (Figure 1 ). Ammonia N absorbed by PDV mainly derives from feed protein degraded in the rumen and urea N entered into the gastrointestinal tract (recycled urea N). Rooke and Armstrong (1987) reported that apparent dietary N degradability in the rumen decreased as FM intake increased. The urease activity of the ruminal wall also decreases with increasing level of N intake, but may not restrict to hydrolyze the recycled urea N even for high-N diets (Marini et al., 2004) . More researches on other protein supplements for determining the absorption response of N compounds by ruminant PDV are desirable for development of the metabolizable protein concept, because feeding systems should define in quantitative the responses of animals to their feed supplies (Corbett and Freer, 2003) .
In conclusion, FM supplement provides 0.34 and 0.30 of the ingested N to the liver as alpha amino acid and ammonia nitrogen, respectively, but the liver modifies the supply of amino acids to the production tissues according to the animal's amino acid requirements. Measuring net flux of nitrogen compounds by PDV with increasing protein supplement seems to be an effective method for the evaluation of metabolizable protein. 
